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Available online 29 October 2016A Roman glass workshop situated near the German-Dutch border in the vicinity of the modern village of Goch-
Asperden has been investigated archaeomagnetically. Archaeological evidence including potsherds, coins and
fragments of glass vessels suggests that the workshop was in use from shortly before 400 CE to the ﬁrst third
of the 5th century CE, though from archaeological point of view the period of operation cannot have covered
more than a few years. The archaeomagnetic directions of the two superimposed glass furnaces are well deﬁned
while a feature of burnt sand gave relatively scattered directions. Themean direction of the upper furnace agrees
wellwith that of the burnt sand but the results from the lower furnace are signiﬁcantly different. This difference is
likely to be due to a tilting of the lower furnace because of the sandy foundation. Archaeointensities obtained
from classical Thellier and multiple-specimen paleointensity domain-state corrected experiments are in good
agreement betweenmethods aswell as between the furnaces. This supports the hypothesis for contemporaneity
of the furnaces. Archaeomagnetic dating evidence is in good agreement with the archaeological age indicators
but is not able to reﬁne it further. The well dated and reliable archaeomagnetic full vector contributes to the
archaeomagnetic database of Europe.
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Germany1. Introduction
Archaeomagnetic in situ sampling of a baked, archaeological
structure can provide an archaeomagnetic direction and intensity.
Such data can be used to indicate the dating of the last ﬁring, when
compared with the archaeomagnetic secular variation calibration
curve of the region (e.g. Pavón-Carrasco et al., 2009; Schnepp and
Lanos, 2005). This can support archaeological dating akin to the use
of ceramic chronologies, or small ﬁnds such as coins or types of
glass vessels. On the other hand, if archaeological dating is well
constrained such data can be used to reﬁne the world wide
archaeomagnetic database, which is important for increasing our un-
derstanding of the geomagnetic ﬁeld.
The growingworldwide archaeomagnetic database (e.g. Brown et
al., 2015) provides a compilation of such data published up until
2014. A search of this database indicates that the number of
archaeomagnetic directions and intensities for Germany and its hin-
terland (6–15°E and 47–55°N) during the Roman epoch (about 0 to
500 CE) is surprisingly small. Only 42 entries can be found, whichGams 45, A-8130, Frohnleiten,
E. Schnepp),
. This is an open access article underrepresent 37 declinations, 38 inclinations and only 5 intensities. No
result provides the full archaeomagnetic vector, but there is one
from Belgium (Ech-Chakrouni et al., 2013) not included in the data-
base. The geographical distribution of these data is concentrated to
the west of Germany and some places in central and eastern Germa-
ny. All intensity data come from the southern part of this area and
cover the time interval 150 to 500 CE. If the area is extended in lon-
gitude by 5° to the west many more directions (91) appear, mainly
from France, Belgium and The Netherlands, but there are only 4
more intensities from France, of which only one is accompanied by
inclination data.
The investigated features described in this paper are glass furnaces,
which have been found close to a Roman burgus in Germany. The occu-
pation period of the burgus and the glassworkshop iswell deﬁned by ar-
chaeological evidence. The aim of this study is to provide
archaeomagnetic dating of the glass furnaces, test the contemporaneity
of the structures and augment the German archaeomagnetic database
with new results.
2. Archaeological features and dating
In Late Antiquity a burgus and a glassworkshop existed near theGer-
man-Dutch border in the vicinity of the modern village of Goch-
Asperden (Fig. 1a). The burgus lay on a ﬂuvial terrace north of thethe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. a) The site of Goch-Asperden in the Lower Rhine Region, Germany. b) The entire structure of the glass workshopwas built into the slope, in front of it the two furnaces in view from
the south. c) View from the west of the two furnaces with the blackened working levels seen in the foreground.
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few metres below the burgus, on the estuarine plain of the river, the
glass workshop was situated (Fig. 1b). It was excavated in 2006 and
2007 by the LVR – State Service for Archaeological Heritage (LVR –
Amt für Bodendenkmalpﬂege im Rheinland, Brüggler 2011, 2016).
Two glass furnaces were uncovered, the younger one partly overlying
the older one (Fig. 1c). Both were made of tiles, and to a lesser extent
natural stone and loam. To the west of the furnaces, a black layer con-
taining charcoal and other debris from glass-working was interpreted
as the working level of furnace GA1. The older furnace (number GA2)
had a similar layer associated with it, also to the west of the furnace.
Around the furnaces, postholes were documented, which most likely
belonged to a shelter. To the north of the furnaces, a terrace was built
into the natural slope and lined with loam and stone. This structure
was – at some point – ﬁred, so that the loam and the surrounding
sand were burnt red (Fig. 1b, GA 3).
The burguswas dated to the last third of the 4th and beginning of
the 5th century CE by coin evidence, while roller-stamped Argonne
ceramics suggest occupation had begun around 340 CE and ended
around 420/30 CE. Furthermore, three dendrochronological samples
from a jetty or river bank revetment were dated to 360, 361 and 363
(all samples within a range of ± 10 years; Th. Frank, Dendrolab Co-
logne, cf. Brüggler, 2016). The proposed date of the glass workshop
lies within the earlier part of the time span associated with the use
of the burgus and is derived from the analysis of stratiﬁed potsherds
(especially roller-stamped Argonne ware) and to a lesser extent,Table 1
Archaeomagnetic results of the glass furnaces of the excavation Goch-Asperden (51.705°N, 6.0
loam or sand), number of demagnetization experiments with alternating ﬁeld (AF) or thermal
ChRM directions, mean declination, inclination, precision parameter of Fisher (1953) statistics,
Name Feature n AF/th/Th
GA1 Furnace I 23 (10/13) 21/22/5
GA2 Furnace II 19 (12/7) 28/12/2
GA3 Terrace of burnt sand 10 (0/10) 10/8/0
Combined direction GA1/GA3 – –coins. In addition, stratiﬁed and un-stratiﬁed fragments of glass ves-
sels provide important dating evidence for the structures and the
timescale of production. Thereby, a period from shortly before
400 CE to the ﬁrst third of the 5th century is proposed as the time
span of furnace operation (for details cf. Brüggler, 2016; Rehren
and Brüggler, 2015). However, each furnace could probably have
only been used for a campaign of seven to eight months without sub-
stantial repairs. There are indications of repairs, but of course, the
substructures could have been furnished with new cupolas without
leaving any archaeological trace. However, the period of operation
in all cannot have been more than a few years.
3. Material and methods
Archaeomagnetic sampling of the two glass furnaces and the
burnt earth/sand around the terrace feature was carried out during
the excavations in 2006 and 2007. The tiles of the furnace walls
were taken as oriented blocks while the baked loam surrounding fur-
nace GA1, underlying GA2 and foundational sand GA3 (Fig. 1b) were
sampled with the soft core technique (Schnepp et al., 2008), see
Table 1, columns 1 to 3). Soft cores were consolidated and cut into
cylinders, block samples were sawn into cubes and 278 specimens
were obtained.
In order to obtain the characteristic remanent magnetization
(ChRM) direction a standard palaeomagnetic treatment was applied,
including measurement of natural remanent magnetization (NRM),49°E): name, sampled structure, number of independently oriented samples (tile/baked
(th) demagnetization or obtained from Thellier experiments (Th), number of independent
radius α95 of error cone.
N D (°) I (°) k α95 (°)
17 354.4 65.5 305 2.0
14 5.2 60.8 264 2.5
3 354.7 65.6 91 13.0
20 354.5 65.5 255 2.0
Table 2
Rock magnetic results: sample name, mean values of natural remanent magnetization,
bulk susceptibility, Koenigsberger ratio, number of averaged specimens, anisotropy factors
(P = k1 / k3, Hrouda, 2002) obtained from Thellier (TH, cf. Table 3) or anhysteretic rem-
anentmagnetization (ARM) experiments, Curie temperature, percentage of frequency de-
pendence of susceptibility κFD after Dearing et al. (1996). If not speciﬁed, one specimen
was measured. The last column gives the number of specimens used for MSP-DSC
experiments.
Name NRM
(A/m/kg)
Kappa
(10−3/kg)
Q NNRM PTH PARM Tc
(°C)
κFD
(%)
NMSP
GA116 997 1136 25 8 – 1.237 – 11.32 5
GA117 1246 727 31 6 1.088 1.118 542 15.00 2
GA118 1416 533 35 10 1.103
1.845
1.171 574 13.54 4
GA119 593 405 15 10 1.263 1.240 538 8.01 2
GA122 2392 102 60 6 1.094 – 498 – –
GA123 806 305 20 7 – – 9.37 4
GA204 1336 727 33 15 1.192 – 594 – –
GA205 1838 881 46 5 1.082 – 582 – –
324 E. Schnepp, M. Brüggler / Journal of Archaeological Science: Reports 10 (2016) 322–330stepwise alternating ﬁeld (AF, 59 specimens) and thermal demagne-
tization (42 specimens), principal component analysis (PCA,
Kirschvink, 1980) and hierarchical averaging (Lanos et al., 2005) of
the stable directions.
The rock magnetic characterization of the material included the
measurement of bulk susceptibility, calculation of Koenigsberger ratios
(Q), thermomagnetic curves of susceptibility κ(T), determination of
Curie temperature, apparent and isothermal remanent magnetization
(IRM) hysteresis loops. Frequency dependence of susceptibility (κ(f))Fig. 2. a) Natural remanent magnetization (NRM) is plotted versus bulk susceptibility, isolines o
Diagrams of susceptibility versus temperature normalised to the initial value at room temper
(IRM). f) Hysteresis loops g) IRM-acquisition curves and h) hysteresis data are plotted in a Daywas tested at 40 A/m for 12 frequencies ranging from 35 to 8995 Hz
(Magnon VFSM Susceptibility Bridge at LIAG Paleomagnetic Laboratory,
Germany). An IRM produced in three perpendicular directions with
high, medium and low ﬁeld (Z: 2000 mT, X: 400 mT, Y: 120 mT, using
a Magnon PM II at LIAG Paleomagnetic Laboratory, Germany) was ther-
mally demagnetized in Gams laboratory (3D-IRM; Lowrie, 1990) and
used to discriminate unblocking temperatures of high coercive mineral
components.
The strength of the ancient geomagnetic ﬁeld (archaeointensity)
was obtained from classical Thellier experiments (Thellier and
Thellier, 1959) using the same equipment as Schnepp et al. (2016).
They were carried out for 7 samples with up to 13 heating steps be-
tween 140 and 580 °C including 4 pTRM-checks. Following Chauvin
et al. (2000) anisotropy was tested at 510 °C when 3 to 20% of the
NRM was left. Cooling rate experiments were carried out for 5 spec-
imens using the protocol and the same equipment of Gómez-Paccard
et al. (2006). Furthermore multiple-specimen paleointensity do-
main-state corrected (MSP-DSC, Fabian and Leonhardt, 2010) exper-
iments were carried out using 2 to 5 specimens (17 in total, cf. Table
2) from 5 tiles. Anisotropy of AF demagnetized sister specimen was
obtained by using anhysteretic remanent magnetization (ARM).
Evaluation of the MSP-DSC experiments was done with Python soft-
ware (https://github.com/leonro/MSPTool), which uses the magne-
tization vectors for all relevant calculations. Some modiﬁcations
concerning data rejection and representation were implemented.
Details on all experimental and evaluation procedures, if not speci-
ﬁed above, are already described by Schnepp et al. (2015) and
(2016).f Koenigsberger ratio Q are shown, tiles are closed, sand and loam are open symbols. b), c)
ature. d), e) Thermal demagnetization of three axes isothermal remanent magnetization
diagram (see text).
GA1 GA2 GA3
N
S
EW 30° 60°
Fig. 3. NRM directions obtained from the three structures shown in equal area projection (gray dots show normal inclinations, circles reversed inclinations). Black crosses are ChRM
directions on sample level. The structure mean ChRM directions (red crosses) are shown together with the corresponding α95 error circle.
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4.1. Rock magnetism
Some rockmagnetic parameters are listed in Table 2. Susceptibilities,
NRM intensities and Q ratios are very variable at the site and subsample
level. The specimens obtained from tiles generally have higher values
compared to those obtained from baked clay and sand, which are
often low (Q b 5, Fig. 2a). Accordingly, the clay and sand specimens, as
well as some of the tiles are not well heated (Schnepp et al., 2004)
and may not carry a stable remanence. In order to select tile specimens
for paleointensity experiments the thermal stability of the material was
characterized with κ(T) curves (Fig. 2b and c). All the tested samples
show almost reversible behaviourwith an almost linear decay or amax-
imum between 200 and 400 °C (Fig. 2b and c). For samples from GA2 a
Hopkinson effect was observed. κFD percentages (Dearing et al., 1996)
lie in and slightly above the range (b 12) observed by Kostadinova-
Avramova and Kovacheva (2015) for baked clay. Higher values of κFD
correspond to relatively low Q-values and high bulk susceptibilities. In
all cases a linear decrease with logarithm of frequency was observed.
This suggests that the main magnetic carrier is close to magnetite and-Y,-Z
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Fig. 4. Orthogonal vector components are plotted for stepwise AF (black diamonds) and the
numbers give demagnetization steps in mT or °C. West component (−Y) versus North comp
component (H) with open symbols. Examples obtained from baked clay (a) and from tiles (b)a fraction of grains just above super-paramagnetic size may be present.
Curie temperatures range from 500 to 580 °C (Table 2) indicating as
well that the main magnetic carrier is a mineral close to magnetite. In
some cases the signal was rather low and scattered so that no Curie
point could be derived. Nevertheless the form of the curve seemed to
be similar. Here magnetic properties are strongly inﬂuenced by a high
coercive mineral.
The 3D-IRMdemagnetization (Fig. 2d and e) shows that the samples
also contain small or larger amounts of magnetic grains with medium
and high coercivity. This is also seen in hysteresis loops, which may
have a wasp-waisted form or high coercivity (Fig. 2f: GA18A11 or
GA19A11), while other show low coercivities. IRM acquisition curves
(Fig. 2g) also document the presence of a dominantmineral ormixtures
of both. Apart from sample GA19A11 the hysteresis parameters have
also been plotted in a Day-diagram (Day et al., 1977) indicating the
presence of pseudo single domain or also multi-domain grains. Since
the thermal experiments showed an almost reversible behaviour, the
samples would be expected to be suitable for paleointensity experi-
ments, although the presence of large grains might prove problematic.
Unblocking spectra obtained during thermal demagnetization were
very variable and range from an almost linear decrease withX,H
-Y,-Z
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onent (X) is shown with closed symbols and vertical component (Z) versus horizontal
of furnace GA1 are shown.
Fig. 5. The archaeomagnetic directions of the two furnaces in comparisonwith the secular
variation reference curve (Schnepp and Lanos, 2005) are shown in stereographic
projection. 95% conﬁdence limits are shown by circles, numbers give years CE.
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unblocking above 500 °C in a narrow temperature interval.
4.2. Direction
Measurements of the NRM show clustered directions for most of the
furnaces' specimens (GA1 and GA2) but scattered directions for the
baked sand (GA3, Fig. 3). Generally also the loam specimens of GA1
and GA2 (cf. Table 1) produced more scattered directions. NRM direc-
tions of some tiles formed several clusters. Elongated clusters may indi-
cate that the tiles have not been completely reheated, while other
clusters or reversed inclinations may indicate displacement of the
material.
Specimens for demagnetization were chosen in order to represent
the widely distributed NRM directions, which also include the outer
parts of the furnaces. At least one specimen per soft core sample was
demagnetized with AF or thermally and another, if material was still
left. As all tile samples gave ﬁve or more specimens in most cases at
least three specimenswere demagnetized. The total numbers of demag-
netizations is given in Table 1.
In most cases AF and thermal demagnetizations of loam specimens
(soft cores) of the furnaces showed secondary overprints (Fig. 4a,
GA109A), scattered or instable behaviour (GA110B). Only 5 loam spec-
imens from furnace GA1 gave well deﬁned ChRM directions, 2 seemedFig. 6. Decay of natural remanent magnetization (NRM) versus temperature during Thellier e
Zjiderveld diagrams as inset, with red lines of stable directions. Specimen names are given.
lines, b, c: solid symbols).to be less reliable (see below), while the remaining 6 specimens were
unstable. The 7 AF demagnetized loam specimens of GA2 represent
the group of western NRM declinations seen in Fig. 3. Five of them
were unstable, 1 had a strong overprint and only 1 specimen showed
stable behaviour. On the contrary, about half of the tile samples provid-
ed very good results (see Fig. 4b) and the stable directions could easily
be found. This included the specimens used for the Thellier experiments
(see below). The other tile specimens showed small viscous secondary
overprints, somewhat scattered directions, especially during thermal
demagnetization, or no stable endpoint. While line ﬁtting of the PCA
analysiswas possible inmost cases, for 2 (1) tiles of GA1 (GA2) no stable
ChRM directions were found. Here evaluation was achieved by using
great circle analysis with principal components (Kirschvink, 1980) on
several specimens, which provided a mean ChRM for each tile. These
tiles had not been reheated completely in the furnace and therefore
also preserved a magnetization component from their original fabrica-
tion. The specimens of one tile sampled in the entrance of GA1 gave con-
sistent but aberrant directions. After reconsidering the ﬁeld
documentation associated with this tile, it was judged to represent
displaced material and the results have been excluded. For most of the
sand specimens (GA3) demagnetization behaviour was unstable and
only three results were obtained (cf. Table 1).
In total, demagnetization of 24 specimens (10 baked loams, 14
baked sand) produced no results. All ChRM results from specimens
with secondary overprints, scattered or great circle behaviour, were
subjected to the outlier test ofMcFadden (1982) and 2 of the great circle
results from tiles were rejected based on it. Finally, only 3 out of 22 tile
samples yielded no results, while about half of the loam and sand sam-
ples (12 out of 23) failed to provide a stable direction. While the sand
was not consolidated at all it is a priori a poor recorder of the geomag-
netic ﬁeld. All loam specimens had relatively low Koenigsberger ratios
(Fig. 2) and were obviously not well heated, because they came from
the outer parts of the kilns. According to the demagnetization results,
heating was often not sufﬁcient to produce a reliable geomagnetic
record.
The hierarchical mean ChRM directions on sample and structure
level are listed in Table 1 and shown in Fig. 3. For the furnaces the
ChRMdirections on sample level show verywell deﬁned clusterswithin
the main cluster of the respective NRM directions. The scatter of the
NRMs is considerably reduced.
Because the three structures are presumably contemporaneous
within a few years of each other, the mean ChRM directions were com-
pared using an F-test (McFadden and Lowes, 1981) in order to evaluate,
if all three structures provide statistically identical directions or not. For
furnace GA1 and the baked sand (GA3) the same direction has beenxperiments. (a) Arai-plots with pTRM-checks (green), linear ﬁt line in blue (b and c) and
The part of magnetization used for archaeointensity determination is indicated (a: blue
Table 3
Results of Thellier experiments: Specimen name, laboratoryﬁeld, archaeointensitywith associated standarddeviation,minimumandmaximumtemperatures used to determine FPI, num-
ber of data points, quality parameters deﬁned by Coe et al. (1978) for fraction, gap and quality, correlation coefﬁcient of line, maximum angular deviation of directional PCA, deviation
angle, anisotropy factor P = k1 / k3, archaeointensity corrected for anisotropy with associated standard deviation, correction factor of cooling rate per sample (*: taken from sister spec-
imen, #: not used because of alteration, §: estimated frommean of the four specimens), alteration factor during the cooling rate correction, archaeointensity corrected for anisotropy and
cooling rate with associated standard deviation. Last line gives mean archaeointensities with associated standard deviation.
Name HLab
(μT)
FPI
(μT)
σF
(μT)
Tmin
(°C)
Tmax
(°C)
N f g q r MAD
(°)
Dang
(°)
P FPIa
(μT)
σFa
(μT)
crcorr
(%)
cralt
(%)
FPIac
(μT)
σFac
(μT)
GA117B12 46.5 71.71 0.67 140 510 11 0.77 0.89 75 −0.9996 2.5 1.8 1.088 71.32 0.65 11.19 5.45 63.34 0.65
GA118A13 46.5 74.76 0.73 140 480 10 0.69 0.88 62 −0.9996 1.3 0.9 1.103 74.77 0.73 7.36 1.77 69.27 0.73
GA118B21 46.5 66.44 0.90 180 540 11 0.92 0.78 65 −0.9992 1.8 1.0 1.845 73.64 0.80 7.36⁎ 68.22 0.80
GA119A13 46.5 74.72 0.94 180 580 12 0.87 0.86 53 −0.9992 1.5 1.6 1.263 70.01 0.98 10.03 3.85 62.98 0.98
GA122C12 46.5 63.10 0.82 140 510 11 0.88 0.88 59 −0.9992 1.6 0.7 1.094 62.83 0.82 5.00# 5.10 62.83 0.82
GA204A21 46.5 68.24 0.50 140 540 12 0.92 0.86 109 −0.9997 1.8 1.9 1.192 68.08 0.50 10.17 4.05 61.16 0.50
GA205B11 46.5 69.39 1.42 260 480 7 0.41 0.76 14 −0.9990 1.3 1.0 1.082 69.53 1.50 9.69§ 62.80 1.50
Mean value 69.77 4.30 (6.2%) 7 70.03 3.94 (5.6%) 64.37 3.08 (4.8%)
327E. Schnepp, M. Brüggler / Journal of Archaeological Science: Reports 10 (2016) 322–330found at the 95% probability level. Accordingly, a combined mean from
both structures has been calculated (Table 1). In contrast, furnace GA2
has a signiﬁcantly different direction with a lower inclination and an
easterly declination (cf. Table 1 and Fig. 3).
Archaeological evidence including the similarity of both furnaces,
the age range of coins and potsherds, imply a short time interval for
the occupation of the site, which lasted from the last third of the 4th
to ﬁrst third of the 5th century CE (Brüggler, 2016). Earlier use of the
site within the Roman Period can be ruled out according to the absence
of archaeological evidence, including small ﬁnds. This does not seem
compatible with the large difference between the archaeomagneticFig. 7. (a) Intensity difference ratios of the multiple specimen (MSP) experiment are plotted ve
linear ﬁt lines (magenta/blue). (b) Distribution of fractions obtained for all specimens. Red ver
criteria (see text) corrected for domain state (large) with error bars and linear ﬁt line (small sy
from jackknife re-sampling technique (see text), without any selection (d) and for accepted dadirections of the two furnaces which would be expected to be indistin-
guishable. A tentative dating of both furnaces using the obtained direc-
tions suggests that the older furnacewould have beenmuch younger or
about 200 years older than the younger one (see Fig. 5). As this does not
seem possible, the difference of the archaeomagnetic directions has to
be discussed here. Several possibilities could explain a distortion of an
archaeomagnetic direction: namely, (a) incomplete heating of the
structure, (b) incomplete demagnetization, (c) anisotropy of the mag-
netic material, (d) strong local magnetic anomalies, or (e) tilting of
the structure. Although incomplete re-magnetization of some tiles is
seen in the demagnetization experiments, it was easy to retrieve thersus ﬁeld value before (small) and after (large symbols) fraction correction together with
tical lines indicate range of accepted fractions. (c) Data left after application of acceptance
mbols are fraction corrected data from a). Distributions of paleointensity values obtained
ta (e).
Table 4
Results of multi specimen experiments: method (see text), number of data,
archaeointensity, 95% conﬁdence limit, used fractions of NRM, angular difference between
NRM and TRM, correlation coefﬁcient, quality factor.
Method N FPI
(μT)
2σF
(μT)
f (%) Dang
(°)
r QDSC
Dekkers and Böhnel
(2006)
17 62.90 – 0–100 None 0.89 –
Fraction corrected 17 62.13 – – None 0.98 –
MSP-DSC 17 65.02 1.42 0–100 None 0.97 36.6
MSP-DSC line 10 65.83 1.47 20–80 10 0.94 21.0
MSP-DSC jackknife 10 67.08 6.00 20–80 10 – 21.0
Thellier & MSP-DSC 2 65.7 6.0 – – – –
328 E. Schnepp, M. Brüggler / Journal of Archaeological Science: Reports 10 (2016) 322–330overprint caused by the use in the furnaces. Furthermore, the AF and
thermal demagnetization results agree well for sister specimens of the
same tile and no systematic difference is seen between the results
from loam and tile samples. A possible anisotropy of the tiles would
lead to an inclination-ﬂattening which is not seen by comparison of
loam and tile samples. Furthermore, tests of anisotropy have been
made so far for seven tile specimens, but only two of them showed sig-
niﬁcant anisotropy (Table 2). Moreover, both furnaces have been con-
structed in the same way using the same materials. As the furnaces
are situated in a river valley and there is no evidence of metal smelting,
the remains of slag or strongly magnetized rocks present, it is possible
that themagnetization of the younger furnace could have been affected
by the ﬁeld of the older one. But the NRM of both furnaces is not partic-
ularly strong and would not cause a signiﬁcant directional distortion of
the magnetic ﬁeld lines. Accordingly, both furnaces should suffer from
these effects.
Accordingly, hypotheses (a), (b), (c) and (d) do not hold as possible
explanations. Because the furnaces are situated at the base of a steep
slope consisting of sand, which forms the bank of the river Niers (Fig.
1b) and one was built upon the other, it seems likely that the older fur-
nace could have been tilted by the younger one, or simply because of its
weight on theunderlyingﬂuvial sediment. Furthermore, construction of
the working platform, presence of the workers and materials (e.g. fuel,
ingredients for the glass) could have caused differential compaction of
the ground or localised mass-movement, especially during wet condi-
tions. Because the younger furnace was situated north of the older
one, tilting caused by theweight of furnace GA1would lead to a steeper
inclination blocked already in furnace GA2. The difference between the
two directions points to a possible rotationwith a tilting of 8° in a direc-
tion of about 210°E. Such tilting could be caused by differential settle-
ment due to the combination of tilting to the south (caused by the
topography) and an unbalanced burden on the working plateau west
of the furnaces. Channels in the furnaces which allowed the supply of
fuel were situated on their western sides. So it seems possible that fur-
naceGA2was tilted in a directionwhich is not exactly N-S but about 30°
rotated to the west (i.e. 210°), which is in agreement with the observed
directional difference.
Comparison of the direction of GA1 (Fig. 5) with the error band of
the secular variation reference curve (Schnepp and Lanos, 2005)Table 5
Results of archaeomagnetic dating: name of feature; archaeological age; age obtained from arc
values of declination (D), inclination (I, subscript r for direction relocated to Göttingen) and in
Pavón-Carrasco et al., 2011, 4: Gómez-Paccard et al. (2008).
Feature
Archl. Age
(yrs CE) Archaeoma
GA1/GA3 Shortly before 400 to ﬁrst third of 5th (390–435) [19; 168] w
[216; 420] w
GA1/GA3 [11; 166], [2
GA1/GA3 [13; 143], [2
Age intervals compatible with archaeological evidence are printed in bold.shows a clear overlap with the Roman period and that two options
with respect to age are possible (see below). Published data for the
Roman period not yet included in the calculation of the curve comes
from Belgium (about 135 km SSW of this site, Ech-Chakrouni et al.,
2013) and Germany (about 85 km SSE of this site, Schnepp, 2011).
Both have yielded similar directions but their dating is less well
constrained and spans almost the complete Roman period in this area.
4.3. Intensity
All seven Thellier experiments were successful (Fig. 6 and Table 3)
and yielded well deﬁned archaeointensities. Unblocking was more or
less linear in 3 caseswhile the other specimens showed highunblocking
temperatures above 400 °C (Fig. 6a). NRM was not used and in 3 cases
weak secondary components were removed at low temperatures. By
performing this action, the data points formed straight lines towards
the origin with maximum angular deviations (MAD) between 1.3° and
2.5° with respect to the PCA stable directions. No systematic distortion
towards the laboratory ﬁeld direction (+Z in insets of Fig. 6b and c)
were observed.With one exception (see Fig. 6c) pTRMcheckswere pos-
itive with b5% deviation of original pTRM and the pTRMwith respect to
the total TRM acquired. Arai-plots yielded well constrained straight
lines deﬁned by 7–12 data points and correlation coefﬁcients above
0.9990. Used fractions range from 41 to 92%, while quality factors are
above 14. Obtained archaeointensities vary from 63.1 to 74.8 μT. After
TRM anisotropy correction the scatter is slightly reduced but the un-
weighted mean archaeointensity changes insigniﬁcantly (Table 3). The
alteration test of the cooling rate experiment indicated in one case an al-
teration similar to the cooling rate effectwhile for the others it was con-
siderable lower. Accordingly cooling rate correction could be applied
and lead to some change of the archaeointensity values and a noticeable
reduction of the dispersion (Table 3), which is much larger for furnace
GA1. Although the 2 results from older furnace GA2 are slightly lower
than the results of GA1, it seems unreasonable to claim a signiﬁcant dif-
ference, as they agree well with 3 of the GA1 values within their error
margins. Accordingly these values support a very similar age as inferred
from archaeological evidence. In consequence the mean of all Thellier
experiments is representative for both structures (Table 3).
The results of theMSP-DSC experiment are shown in Fig. 7 and listed
in Table 4. Evaluation using only the ﬁrst measuring step corresponds to
a Dekkers and Böhnel (2006) experiment andwould lead to a relatively
low archaeointensity (magenta line in Fig. 7a, Table 4). Such an under-
estimation is presumably due to the number of low fractions (18 to
65%, see b, Schnepp et al., 2016). The scatter of the data-set is consider-
ably reduced when a correction for fraction is applied (see Fig. 7a: blue
line/points and larger r in Table 4). Nevertheless, the obtained
archaeointensity result changes insigniﬁcantly. For obtaining the ﬁnal
result the strict selection criteria used by Schnepp et al. (2016) have
been applied. This value is somewhat higher than the result obtained
without selection (see Table 4).
The data-set was ﬁnally investigated using a ‘delete-d jackknife’
technique (Schnepp et al., 2016) for which 20% of the collection was re-
moved. Regardless whether acceptance criteria have been applied orhaeomagnetic dating performed with 95% conﬁdence between 0 and 800 CE; by the used
tensity (F); reference curve and program (1: Schnepp and Lanos, 2005, 2: Lanos, 2004, 3:
gnetic age (yrs CE) Used values
Calibration curve
program
ith 24.6%
ith 70.5%
Dr = −5.1°
Ir = 65.2°
Germany1; RenDate2
17; 421] D/I (Table 1) Germany1; archaeo_dating3
23; 425] D/I/F
(Tables 1, 4)
Germany1, WE4; archaeo_dating3
pot-
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Fig. 8. Dating of structure GA1/GA3: probability distribution calculated from overlap of 95% conﬁdence of archaeomagnetic direction with secular variation calibration curve.
Corresponding time intervals are shown in gray, the hatched bar shows the archaeological age estimate obtained from small ﬁnds.
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that the result is not ideal. In both distributions the peak at about
62 μT is caused by data points which have relatively large error bars
lying above the regression line (c). Obviously these data points may
cause some underestimation of archaeointensity. Accordingly, it should
not be determined from the regression line and its conﬁdence limits. On
the contrary it is preferable to use the median value of the distribution
and the mean of lower and upper quantiles as 2σ error. While these
changes the archaeointensity insigniﬁcantly the error ismore than four-
fold. All values obtained from the MSP-DSC method are in good agree-
ment with the cooling rate corrected mean value obtained from the
Thellier experiments. Note that the error obtained from the jackknife
distribution is in the same order as the standard deviation (1 sigma) ob-
tained for the Thellier results. As a ﬁnal result an unweighted mean of
both values was assigned as archaeointensity of the glass furnaces
(Table 4, last line).
As already mentioned previously only very few intensity data exist
for comparison for the area and time interval inwhich the site Asperden
is situated. Finally, only 5 intensities overlapwith their error in agewith
the time interval ranging from 290 to 535 CE, which encompasses the
age of the glass furnaces by 100 years. These intensities are found in Bel-
gium (1 piece of data, 136 km distance from the site; Ech-Chakrouni et
al., 2013), France (3pieces of data, 256 kmdistance; Genevey andGallet,
2002) and Switzerland (1 piece of data, 541 km distance; Veitch et al.,
1984). Reducing them to the latitude of Asperden (66.7, 62, 64.1, 65.2
and 72 μT) these data range from 72 to 62 μT. So the new result is in
very good agreement with other late Roman archaeointensities found
over distances of b550 km from Asperden.
4.4. Archaeomagnetic dating
Archaeomagnetic dating was performed using several methodolo-
gies listed in Table 5. For direction the calibration curve for Germany
was taken (Schnepp and Lanos, 2005) and for intensity the one for
Western Europe (Gómez-Paccard et al., 2008). The softwares used are
provided by Lanos (2004) and Pavón-Carrasco et al. (2011). They are
based on the same algorithms and give almost identical values, when
the same calibration curve is used (Table 5). Using the ﬁeld strength
in addition, does not reﬁne the dating intervals because there was little
variation in intensity during the Roman period.
Fig. 8 shows the probability density distribution obtained with the
archaeomagnetic secular variation calibration curve of Germany(Schnepp and Lanos, 2005) and illustrates that two possible time inter-
vals have been obtained. This ambiguity can be solved because the older
time interval can be excluded for archaeological reasons. The obtained
dating interval is considerably longer than the one inferred from the ar-
chaeological ﬁnds of the burgus. Nevertheless it supports the hypothesis
that the glass production was very likely associated with the burgus.
5. Conclusions
Full vector archaeomagnetic data have been obtained from the fea-
tures of a Roman glass workshop situated in the vicinity of the modern
village of Goch-Asperden (Germany).While the archaeomagnetic direc-
tion of the lower furnace was not used for dating because of its likely
displacement, the upper furnace and the associated baked sand on the
constructed terrace gave reliable results that agreed with the German
archaeomagnetic data set. Estimates of the archaeointensity obtained
using the classical Thellier method as well as from the multiple-speci-
men paleointensity domain-state corrected method gave identical
values and agree with other late Roman intensities from Western Eu-
rope close to the site. The new results can be used to date the abandon-
ment of the glass production at the site with conﬁdence. The results are
in good agreement with the archaeological evidence for dating the site
but it was not possible to reﬁne the chronology further, which is
generally difﬁcult and well documented for the Roman period. By
using the archaeological date of the site as an independent age estimate
for the furnace, the obtained archaeomagnetic full vector obtained from
Goch-Asperden will contribute to an updated and reﬁned
archaeomagnetic secular variation calibration curve for Central Europe
which is currently in preparation.
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